Nuclear migration plays a prominent role in a broad range of developmental processes. We have cloned a Drosophila gene, DnudC, encoding a protein that is evolutionarily conserved between humans and fungi. The Aspergillus homolog, nudC, is one of a group of genes required for nuclear migration. DnudC encodes a 385kDa protein, and the carboxy terminal half of the protein shares 52% amino acid identity with Aspergillus nudC. We show that the structural homology between DnudC and nudC extends to the functional level since the Drosophila gene can rescue the nuclear migration defects seen in Aspergillus nudC mutants. Immunolocalization studies using antisera against DnudC reveal that the protein is localized to the cytoplasm in Drosophila ovaries and embryos. Our data suggest that the nudC genes may be components of a functionally conserved pathway involved in the regulation of nuclear motility. 0 1997 Elsevier Science Ireland Ltd.
Introduction
Nuclear migration is a phenomenon that occurs in eukaryotic organisms at a number of developmental stages. For example, during sexual reproduction, the fusion of male and female pronuclei is typically preceded by a nuclear migration event that places them in close proximity with each other (Schatten, 1982) . Another example is the formation of the blastoderm in long germ band insects, that results from the coordinated migration of nuclei from the center of the syncitial embryo to the peripheral cortex (Zalokar and Erk, 1976) . In vertebrates, it has long been known that nuclei in the developing neural tube undergo a characteristic intracellular nuclear migration coordinated with the cell cycle (Sauer, 1935) . It has also been suggested that nuclear migration within the cell body may be critical for neuronal migration in vertebrate neurogenesis (Book and Morest, 1990) . It is also believed that nuclear migration plays an important role in plant development, since in many cases *Corresponding author. Tel.: +l 213 7405833/7409930; fax: +1 213 7408631; e-mail: warrior@mizar.usc.edu it has been shown to determine the cleavage plane during asymmetric cleavage divisions (Gunning, 1982) .
Early Drosophila embryogenesis provides an excellent example of a developmental system in which nuclear migration has been extensively characterized at the morphological level (reviewed in Foe et al., 1993; Sullivan and Theurkauf, 1995) . After fertilization the Drosophila embryo develops as a syncitium in which the somatic nuclei undergo 13 nearly synchronous divisions without cytokinesis. These rapid nuclear divisions consist of successive M and S phases without Gl or G2 phases (Foe and Alberts, 1983) . During the fourth through the sixth rounds of mitosis, nuclei migrate along the anterior posterior axis in a microfilament dependent process termed axial expansion (Von Dassow and Schubiger, 1994) . Subsequently, during nuclear division cycles seven to ten, nuclei located in the interior of the embryo migrate to the cortex in a microtubule dependent process (Zalokar and Erk, 1976; Baker et al., 1993) . The nuclei then undergo three synchronous mitotic divisions in a regularly spaced monolayer before cellularization takes place to form the blastoderm.
Although the mechanics of nuclear movement have been studied in the Drosophila embryo, little is known about the proteins involved (Sullivan and Theurkauf, 1995) . In contrast, in the filamentous fungus Aspergillus nidzduns, several genes involved in nuclear movement have been cloned and characterized. In A. nidukzns, nuclear movement is required for the distribution of nuclei through the fungal mycelium as well as for the formation of asexual spores or conidia. Defects in nuclear migration perturb these processes and thus have a dramatic effect on the growth and differentiation of mutant colonies. These easily assayable phenotypic effects coupled with its powerful genetics have made A. nidzdans an ideal organism in which to study nuclear movement Morris et al., 1995) . Genetic screens have identified a number of recessive temperature sensitive mutants in Aspergillus that specifically affect nuclear migration without affecting nuclear division (Morris, 1976) . Mutations in these nuclear distribution or nud genes reduce the ability of the mutant strains to grow and differentiate, since the transport of nuclei into the mycelia and the germ tube of germinating asexual spores or conidia is affected. Four Aspergillus nud genes, nudA, nudG, nudC and nudF, have been cloned and characterized thus far. Consistent with the observation that nuclear migration in Aspergillus is a microtubule dependent process, the nudA gene product encodes the heavy chain of the minus end directed microtubule motor cytoplasmic dynein (Xiang et al., 1994 (Xiang et al., , 1995a . More recently the nudG gene has been shown to encode a dynein light chain . The remaining two nud genes, nudC and nudF, are also evolutionarily conserved but the exact structural and functional role they play in nuclear migration is unclear (Osmani et al., 1990; Xiang et al., 1995a) .
We have cloned and characterized Drosophila nudC (DnudC), a homolog of the nudC gene of A. nidulans (Osmani et al., 1990) . The extensive similarity between the Drosophila and the fungal proteins suggests that they have similar functions. In support of this idea, we show that expression of the DnudC gene product can rescue the nuclear distribution defect in an A. niduluns nudC mutant strain. This complementation demonstrates that DnudC is a functional homolog of the nudC gene. The Drosophila DnudC protein is expressed throughout development, and is localized to the cytoplasm. The functional conservation of the nudC and DnudC genes, as well as the fact that nuclear motility in Aspergillus and Drosophila is microtubule dependent, suggests that nuclear migration in both organisms may involve similar mechanisms (Foe et al., 1993; .
Results

2.1, DnudC encodes a homolog of the AspergiZZus nudC gene
Patients suffering from the autoimmune disease systemic lupus erythematosus often produce high titer antisera that recognize extremely conserved epitopes. These antisera have proved valuable in identifying and cloning genes involved in a range of cellular functions including nuclear transport, chromosomal movement and RNA processing/ splicing (reviewed in Tan, 1989: Kotzin and O'Dell, 1995) . In order to identify evolutionarily conserved anti- The initiation codon and the putative polyadenylation signal are indicated in bold type. An asterisk marks the stop codon, and potential N-glycosylation sites are boxed. The figure is based on the sequence of both strands of the original cDNA clone isolated as well as partial sequence from additional cDNA clones. Comparison of the cDNA and genomic sequence reveals several codons that show third position substitutions which do not change the amino acid encoded. These are (with cDNA in bold) G-T(337), C-G(469), G-A(475). G-A(724), A-G(787). T-A(817), C-T(961). A non-conservative change of A-C(623) changes a Thr to Pro. There is also an A-C(l159) difference present in the 5' non-coding region. The original cDNA clone had a T-C(470) change which creates a TAG stop codon at amino acid 122 in the open reading frame instead of a Gin. This is presumed to be due to a cloning artifact since the genomic sequence contains a C at this position. Sequence from a clone obtained from an alternative cDNA library confirmed the presence of a C and the Gln in the coding sequence. Comparison of the genomic and cDNA sequences also revealed four introns at the following positions: 181, 462, 652, 1049. Consensus donor and acceptor splicing sites were found for all four introns. gem, we used antisera from lupus patients to stain Drosophila embryos. Serum samples that recognized Drosophila antigens were then used to screen bacteriophage lambda gtl 1 expression libraries, and positive cDNA clones were characterized by sequencing as well as whole mount in situ hybridization. This paper describes the cloning and characterization of Drosophila nudC (DnudC), one gene that was isolated in the course of this screen.
ACATGTGCCCGGTCGGCAGCTAAACTTCAGAT
The initial cDNA isolated from the expression library was used to screen additional cDNA libraries in order to recover clones that corresponded to a full length mRNA. Sequence analysis of the cDNA clones revealed the presence of a single long open reading frame (ORF). The first methionine codon in the ORF is preceded by a sequence (AACC) that shows a good match with the Drosophila translation initiation consensus sequence (Cavener, 1987) . The ORF is terminated by a stop codon at nucleotide 1102, followed by 115 nucleotides of 3' untranslated sequence that includes a consensus polyadenylation signal. A number of cDNA clones analyzed contained a poly(A) tail. Conceptual translation of the ORF sequence indicates that it encodes a protein of 33 1 amino acids with a molecular weight of 38.5 kDa (Fig. 1) . Comparison of the DnudC ORF sequence with the GenBank data base revealed that the cDNA encodes a protein homologous to the nudC gene of the filamentous fungus A. nidulans (Osmani et al., 1990) . The protein sequence does not contain any obvious structural motifs. The fungal nudC gene was identified in a screen for temperature sensitive mutations that affected nuclear distribution but did not perturb nuclear division (Morris, 1976) . The Aspergillus nudC gene is smaller than its putative Drosophila counterpart, coding for a 198 amino acid protein with a predicted molecular weight of 22.4 kDa (Fig. 2) . The two proteins share 52% amino acid identity over a 166 amino acid region that extends over the carboxyl half of the Drosophila protein and includes most of the Aspergillus gene. The high degree of amino acid similarity in this region (85% homology when conservative amino acid changes are considered) suggests that the Aspergillus and Drosophila genes may have similar functions (see below), so we have named the Drosophila gene DnudC.
More recently, a rat gene named clone 15 (~15) has been identified that is also related to nudC and DnudC (Axtell et al., 1995) . The cl5 cDNA was isolated in a screen for transcripts that were induced following prolactin treatment of T cells, but the precise role the protein plays in the response to prolactin stimulation remains to be demonstrated. The cl5 protein is very similar in size to DnudC (332 amino acid residues compared to 331 in DnudQ, and the two proteins show a high degree of amino acid identity (52%) that extends over their entire length (Fig. 2) .
Searches of the expressed sequence tag (est) database revealed the presence of human cDNA clones that are 82% homologous (65% identical) to the carboxy terminal 161 residues of the DnudC protein (data not shown). In addition, other partial human cDNA sequences have been identified in the database that are 40% identical to a 60 amino acid stretch in the amino terminal region of the DnudC protein (residues 12-71). Searches of the est database have also identified cDNA clones from Caenorhabditis elegans that show extensive regions of identity with the DnudC protein. The sequence conservation of the Aspergillus, rat, human and nematode cDNAs, as well as the presence of cross hybridizing bands in mouse, frog and sea urchin genomic DNA blots suggest that the sequence of the DnudC protein is highly conserved (J.C. and R.W., unpublished data).
Labeled probes derived from the DnudC cDNA were used to isolate genomic DNA corresponding to the locus. Restriction mapping, hybridization and comparison of genomic and cDNA sequences revealed that the coding region of DnudC is interrupted by four introns. The positions of the introns are marked in Fig. 3 . In order to determine the transcription initiation site, the RACE/SLIC protocol (rapid amplification of cDNA ends/single-strand ligation of cDNA; see Materials and Methods) was used to amplify the 5' end of the transcript. This approach suggested that the transcription initiation site is located 200 bp upstream from the initiator ATG.
We determined the cytogenetic location of the DnudC gene by in situ hybridization to polytene chromosomes from the salivary glands of third instar larvae. DnudC is a single copy gene that maps to the left arm of the third chromosome at polytene band position 73D (data not shown). In order to confirm the cytological localization of DnudC, we obtained Pl clones from the region. A library of genomic DNA in the bacteriophage Pl vector has been constructed as part of a large scale effort to connect the molecular, genetic and cytological maps of Drosophila (Hart1 et al., 1994) . Each PI clone contains a genomic DNA fragment with an average insert size of 80 Kb and has been mapped to a particular polytene band by using in situ hybridization.
A Southern blot containing six PI clones from the 73AD region, was probed with the full length DnudC cDNA (Fig. 4A ). Three Pl clones (21-3, 9-38 and 6-9) that extend from band 73B5 to 73D2 hybridized with the probe, while two other clones (87-50 and 46-50) that map to the 73B-C region, do not hybridize. This indicated that the DnudC gene is located in the 73C-D region. In the Pl clones 21-3 and 9-38, the DnudC cDNA probe recognizes two EcoRI fragments of 3.5 Kb (5' fragment) and 2.5 Kb (3' fragment), as predicted by the genomic map (see Fig. 3 ). However, in the Pl clone 6-9, the probe only hybridized to a single band of 2.5 Kb. Hybridization of the same blot with a probe derived from the 3' end of the DnudC cDNA confirmed that all three Pl clones contain the 3' 2.5-Kb EcoRI fragment of DnudC (Fig. 4B ). These data show that the insert in Pl clone 6-9 does not extend as far into the 73D2 region as those in 21-3 and 9-38, and breaks in the large 9-Kb third intron of DnudC. This allowed us to orient the DnudC transcription unit with its 5' end towards the centromere and confirmed its location at polytene band 73D2.
Dejiciency mapping of the DnudC locus
None of the previously identified mutations that map to the 73D region correspond to mutations in the DnudC gene. However, a closely linked P element insertion 1(3)10547 was useful in fine mapping the DnudC locus with respect to a number of deficiencies. 1(3)10547 is a recessive lethal insertion that has been mapped to the 73Dl-D2 region by the Drosophila Genome Project (Spradling et al., 1995) . We used plasmid rescue to isolate the DNA sequences flanking the P element. DNA fragments adjacent to the P insertion site were used to probe Southern blots of genomic DNA from the DnudC region. These hybridization data revealed that the P element was inserted approximately 35 Kb upstream of the DnudC transcription start site (i.e., between DnudC and the centromere; see Fig. 3 ). Expression of DnudC protein was unaltered in embryos homozygous for the P element mutation suggesting that the insertion does not disrupt the DnudC gene.
We wished to map DnudC with respect to a set of deficiencies that delete the scarlet (sr) locus at polytene band 73A and extend towards the centromere at polytene band 80 (Tearle et al., 1989; Belote et al., 1990) . Since 1(3)10547 maps between DnudC (73Dl-D2) and the centromere, deficiencies that fail to complement 1(3)10547 must also delete the DnudC locus. Based on these criteria, three of the seven deficiencies tested lack the DnudC gene ( Table 1 ). The cytology of the three deficiencies, Df(3L)st dll, Df(3L)st bll, and Df(3L)st 8Ik19 is consistent with the in situ localization of DnudC to polytene band 73D2 (Belote et al., 1990) . Since these deficiencies extend over several polytene bands, the homozygous deficiency embryos represent the loss of function phenotype of all the genes in the deficiency, in addition to DnudC and this is therefore not informative.
Expression pattern of DnudC
The developmental profile of DnudC expression was determined by probing a Northern blot containing polyA+ RNA isolated from different embryonic and larval stages. The DnudC probe detects a 1.3-Kb transcript which is present at all developmental stages (Fig. 5) . The size of the transcript is in good agreement with that predicted from the size of the cDNA ( = 1.2 Kb), assuming the presence of a 100-200 nucleotide polyA tail. DnudC transcript can be detected in O-2-h embryos before the onset of zygotic transcription suggesting that the message may be maternally contributed. In agreement with this, DnudC transcript is much more abundant in adult female flies than in adult males, suggesting that the message is transcribed in the ovary. DnudC transcript levels are fairly uniform during the remaining stages of embryogenesis but are elevated in third instar larvae. Whole mount in situ hybridization to embryos revealed that the DnudC message is ubiquitously expressed during embryonic development.
In fully germ band retracted embryos, 14-18 h after fertilization, the transcript is enriched in the oenocytes and the gonads (data not shown). High levels of DnudC transcript can also be detected in imaginal discs and in the ovary (data not shown).
Rat polyclonal antisera were raised against the carboxy terminal 166 amino acid residues of the DnudC protein (see Materials and Methods). Pre-immune sera did not recognize any proteins present in either Aspergillus or Drosophila extracts (data not shown). Immunoblot analysis showed that affinity purified anti-DnudC antisera recognize a single . Hybridization to clones 6-9.21-3, and 9-38 localizes the transcription unit to the 73C-D region. The full length probe only recognizes a single 2.5Kb band in PI clone 6-9, that also hybridizes to a probe corresponding to the 3' end of the gene (compare panels B and C). This allows the orientation of the direction of transcription of DnudC with its 5' end towards the centromere and localizes the gene to polytene band 73D1-2. The deficiency stocks are described in Lindsley and Zimm (1992) and Flybase (1994) . With the exception of Df(3L)sr 4 (Ashburner et al., 1981) , Df3L)st 100.62 (Ward and Alexander, 1957) , and Df(3L)st 81k19, all stocks were generated by Belote and McKeown on an isogenic third chromosome (Belote et al., 1990). 45kDa band in Drosophila embryo extracts. The apparent molecular weight of this protein is slightly greater than the predicted molecular weight of 38.5 kDa for DnudC. The anomalous migration is unlikely to be due to post-translational modification, since bacterially produced DnudC protein migrates at a similar position. The antisera also cross react with epitopes in the Aspergillus nudC protein. DnudC antisera recognize a protein the size of nudC (25 kDa) on Western blots containing extracts from an A. niduhs strain which overexpresses the nudC gene (Fig. 6 ). This is consistent with the fact that the Drosophila protein segment used to generate the antisera contains the region with greatest homology to the Aspergillus gene.
In order to determine the subcellular localization of the Drosophila embryos (lane 2) were resolved by electrophoresis on a 12% SDS polyacrylamide gel and transferred to nitrocellulose. The immunoblots were incubated with a 1:lOOO dilution of affinity-purified anti-DnudC antisera and bands were visualized using an alkaline-phosphatase conjugated secondary antibody. Relative size of molecular weight markers are indicated to the left of the lanes. The antisera recognize a Drosophila protein running close to the predicted size for DnudC. In addition the antisera cross react with the Aspergillus nudC protein.
DnudC protein, we used the antisera to examine the distribution of DnudC in Drosophila ovaries and embryos (Fig.  7) . DnudC antigen is present at high levels in egg chambers at all stages of development (Fig. 7A) . The protein is present in the somatically derived follicle cells, as well as in the nurse cells and the oocyte that are derived from the germ line (Fig. 7B) . In all cells DnudC protein is localized to the cytoplasm and is excluded from the nucleus. In early embryos DnudC is uniformly distributed through the cytoplasm. By nuclear division cycle 10-12, when the nuclei have migrated towards the periphery of the embryo, the protein is concentrated in a cortical layer with relatively low amounts of protein detectable in the interior (Fig. 7C,  D) . DnudC protein distribution was also examined in imaginal discs dissected from third instar larvae. Consistent with the distribution pattern of the transcript, DnudC protein is uniformly distributed in all imaginal discs and is located in'the cytoplasm (data not shown). Double staining of egg chambers and embryos with anti-DnudC and Rhodamine coupled phalloidin or anti-tubulin antisera failed to show colocalization of DnudC protein with actin filaments or with microtubules (data not shown).
DnudC can rescue nuclear migration defects in Aspergillus nudC mutants
Aspergillus mutants for the nudC gene show a temperature sensitive failure of nuclear migration. The nuclear migration defect has a variety of consequences including abnormalities in conidiophore formation, increased hyphal branching and inhibition of growth (Osmani et al., 1987; Chiu and Morris, 1995) . The defects in nuclear movement can be easily visualized in nudC3 germlings since it results in a failure of nuclei to move from the germinating spore into the growing germ tube (Osmani et al., 1987) . The high degree of amino acid sequence homology between the n&C genes from Drosophila and Aspergillus suggested that the proteins might be functionally homologous. In order to determine whether DnudC could complement the nuclear migration defects seen in the nudC3 mutation, we cloned the Drosophila cDNA into an Aspergillus expression plasmid. The pAL3 vector contains a selectable marker (the pyrG gene) as well as the alcA promoter which is induced by growth on media containing ethanol and repressed by glucose (Waring et al., 1989) .
Two different cDNA fragments from DnudC were cloned into the pAL3 vector downstream of the alcA promoter. Plasmid pAL3-NheI encodes a protein consisting of 167 amino acids derived from the highly conserved carboxyl region of DnudC as well as 28 amino acids derived from polylinker sequence. Plasmid pAL3-RI contains a DnudC cDNA with an in frame stop codon at amino acid 122. Thus, the protein encoded by pAL3-RI contains only the amino terminal region of DnudC that is outside the region of homology with the Aspergillus gene. Both constructs were transformed into A. niduluns strain, A01 (which carries the nudC3 ts-mutation) and selected for uridine prototrophy (Osmani et al., 1987) . For each construct, 60 transformants were obtained and tested for their phenotype at the restrictive temperature in the presence of an inducer (ethanol) or repressor (glucose) of alcA. All transformants containing pAL3-RI remained temperature sensitive and grew as tiny compact colonies at restrictive temperature irrespective of the presence or absence of inducer (data not shown). In contrast, transformants carrying the pAL3-NheI construct had growth rates similar to wild type on induction medium, but resembled the nudC3 mutant strain on repression medium at 42°C (Fig. 8, lower panel) . To test if the reversion of the temperature sensitive phenotype on the induction plates was due to the reversal of the nuclear migration defect, conidia from the ts+ transformants were stained with DAPI in order to visualize their nuclei (Fig. 9) . At 42"C, the nuclei of transformants show a normal distribution in the presence of induction medium. In contrast, in nudC3 mutants and in Fig. 7 . DnudC protein distribution in ovaries and embryos. Ovaries and embryos were stained with affinity purified rat anti-DnudC and FITC conjugated secondary antibodies. The preparations were examined using confocal microscopy. Anterior is to the left in all panels. 
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Fig. 8. The Aspergillus and Drosophila nudC genes are functionally equivalent. Growth phenotypes of A. nidulans transformants containing the aZcA-promoter DnudC cDNA fusion on media that induce (ethanol) or repress (glucose) expression of alcA. A. nidulans strains were inoculated onto ethanol or glucose media and grown for 3 days at either 32°C (upper panel) or 42°C (lower panel). Each plate contains (starting at the top left and proceeding clockwise) nudC3 mutant (AOl), wild type (SJOO2), and two transformants for the DnudC rescue construct (DT44 and DT40). All colonies grow well at 32'C, the permissive temperature for nudC3. At the restrictive temperature (42°C) only the wild type strain can grow in the presence of glucose. The transformants for DnudC and the wild type form large colonies on ethanol containing media that induce expression of the alcA promoter. transformants grown at the restrictive temperature on repression medium, the nuclei remain clustered together (Fig. 9 ). These data demonstrate that the carboxy terminal half of the Drosophila DnudC protein can rescue the nuclear movement defects seen in the Aspergillus nudC3 mutant.
Discussion
Nuclear migration is a phenomenon that occurs in a broad range of organisms and at diverse developmental stages . While it appears likely that nuclear movement is mediated by evolutionarily conserved cytoskeletal elements and motor molecules, the genes specifically involved in this process in higher eukaryotes remain largely to be identified. One possible explanation is that many of the genes involved in nuclear migration may have multiple roles and are vital for the survival of the cell. Mutations in genes essential for cell viability are likely to have nondescript lethal phenotypes and would thus be ignored in systematic genetic screens based on embryonic phenotypes such as those carried out in Drosophila (Jtirgens et al., 1984; Ntisslein-Volhard et al., 1984; Wieschaus et al., 1984) . Recent work in fungal systems however, has resulted in the identification of some of the key genes involved in nuclear migration (Plamann et al., 1994; Robb et al., 1995) . Genetic studies in Aspergillus have identified a number of nuclear distribution or nud mutations that block the process of nuclear migration without affecting nuclear division (Morris, 1976; . We have cloned and characterized DnudC, the Drosophila homolog of nudC, the first nuclear migration gene to be cloned in Aspergillus (Osmani et al., 1990) . The high degree of sequence identity between nudC homologs isolated from organisms as phylogenetically diverse as fungi and humans suggests that this family of proteins has an evolutionarily conserved role in the cell. The fact that the Drosophila protein can substitute for its Aspergillus counterpart demonstrates that the two proteins also show functional conservation.
The nudC proteins do not contain a structural motif or domain that would suggest a mechanism for their action in the cell. However, studies in Aspergillus have provided important insights into the nuclear migration process involving the nudC genes. Mutations in three other genes, n&A, nudG and nudF, result in nuclear migration defects very similar to those seen in nudC mutants. This phenotypic similarity suggests that all four genes may act in a common pathway or regulate a common process.
Epistasis studies show that nudC acts positively to maintain the level of nudF protein. This interaction was uncovered by the fact that the nudF gene acts as an extra copy suppresser of the nudC phenotype; i.e., excess nudF protein can rescue the nudC3 mutant phenotype (Xiang et al., 1995a) . Direct evidence that nudC is required to maintain normal levels of nudF protein comes from Western blotting experiments that show a reduction in nudF protein levels in nudC mutants. It appears that the nudC gene affects nudF post-transcriptionally since nudF protein levels are lowered in nudC mutants, even if the nudF gene is transcribed from a heterologous promoter (Xiang et al., 1995a) . Regulation of NudF levels appears to be critical for nuclear migration. Nine additional genes have been identified that act as extragenie suppressers of nudC. Analysis of protein extracts from these mutants suggests that they all act by restoring levels of nudF protein, and at least one of these suppressors has been shown to act via nudC rather than directly on nudF (Chiu and Morris, 1995) . We have shown that the DnudC gene can complement mutations in Aspergillus nudC, suggesting that DnudC could have a similar function in Drosophila. In an attempt to identify other genes that act along with DnudC in Drosophila, we have recently isolated a gene that appears to be a Drosophila homolog of nudF (Yiding Lei and Rahul Warrior, unpublished data) .
The sequence of the Aspergillus nudF gene reveals that it contains six repeats of the WD motif first identified in the /3-transducin subunit of G proteins. Interestingly the nudF protein is closely related to the human lissencephaly gene LIS-1, with which it shares 42% amino acid identity (Reiner et al., 1993; Xiang et al., 1995b) . Patients defective for LIS-1 show mental and developmental defects due to abnormalities in neuronal migration in the cerebral cortex . The homology between nudF and LIS-1 is intriguing since both nuclear migration in Aspergillus and neuronal migration in vertebrates require the movement of the nucleus through a cytoplasmic extension (Book and Morest, 1990) . In light of the stringent regulation of nudF protein levels in Aspergillus, it is also striking that neuronal migration is highly sensitive to reduction in levels of LIS-1 protein. In humans, loss of a single copy of the LIS-1 gene can result in lissencephaly (Fisher and Scambler, 1994) .
The observation that nudF/LIS-1 proteins contain multiple WD repeats suggests that these proteins may be involved in mediating protein-protein interactions (Neer et al., 1994) .
Sucrose density gradient centrifugation experiments also. indicate that nudF/LIS-1 may be associated with other proteins since nudF protein sediments more rapidly than predicted from its molecular weight (Chiu and Morris, 1995) . Additional support for this idea comes from the fact that human LIS-1 has recently been shown to be 99% identical to the regulatory subunit of bovine platelet activating factor acetyl hydrolase (PAFAH) (Hattori et al., 1994) . PAFAH is a complex comprised of the regulatory subunit (LIS-1) and two other proteins that contain the enzymatic activity (Hattori et al., 1993) . PAFAH is believed to regulate platelet activating factor (PAF) which functions as a lipid second messenger in mammalian systems. It is possible that nudF plays a similar regulatory role in modulating the activity of other proteins (see below).
A number of independent lines of evidence have impli-
Wild type
ttudC.3 nudC.3 + DnudC Fig. 9 . Nuclear migration in A. nidulans germlings. Conidia were germinated for 7 h at the restrictive temperature for nudC (42'C) on media that repress (glucose) or induce (ethanol) expression of the alcA promoter. Germlings were fixed and nuclei were visualized by DAPI staining and epifluorescence. Well separated nuclei are seen on both inducing and repressive media with wild-type, while nuclei fail to migrate in the nudC3 mutant. Transformants for the DnudC rescue construct show nuclear migration on inducing but not on repressing media.
cated microtubules and minus end directed motors in nuclear migration. Early studies had demonstrated that nuclear migration in Aspergillus is /3-tubulin dependent (Oakley and Morris, 1980) . More recently, the Aspergillus n&4 gene has been shown to encode the heavy chain of cytoplasmic dynein, while nudG corresponds to a cytoplasmic dynein light chain (Xiang et al., 1994; . Mutations in the cytoplasmic dynein heavy chain both in Neurospora @o-l) and yeast, also affect nuclear migration. Two other genes that have been implicated in nuclear migration in Neurospora (ro-3 and ro-4) were identified as homologs of the vertebrate p150G'""d and actin related protein l/centractin proteins, respectively. Both proteins are components of the large multisubunit dynactin complex that is thought to stimulate cytoplasmic dynein activity (Gill et al., 1991) . Recent studies have shown that the nuclei of photoreceptor cells are mispositioned in the eye imaginal discs of GZ mutant flies, supporting the idea that the Drosophila dynactin complex may also have a role in nuclear migration (Fan and Ready, 1997) .
Based on the ability of DnudC to complement the Aspergillus nudC mutation, it is possible that DnudC has a role in nuclear motility in Drosophila. There are several events during Drosophila development that involve nuclear migration. The first occurs during oogenesis when the oocyte nucleus undergoes a displacement from the basal to the apical end of the developing egg cell. This nuclear movement is critical for establishing the egg and embryonic axes (Gonzalez-Reyes et al., 1995; Roth et al., 1995) . The apical migration of the oocyte nucleus is thought to be triggered by the reorientation of the microtubule network in the egg and may be mediated by cytoplasmic dynein and Glued protein, both of which are enriched in the oocyte and are asymmetrically localized to the posterior pole of the oocyte during stage 9 of oogenesis (Li et al., 1994; Lehmann, 1995; McGrail et al., 1995) . A second dramatic nuclear migration event occurs during embryogenesis. Nuclei which are initially present in the center of the syncitial embryo migrate towards the cortex during nuclear divisions 7, 8 and 9 in a microtubule dependent process (Zalokar and Erk, 1976; Foe and Alberts, 1983; Baker et al., 1993) . We have shown that the DnudC protein is ubiquitously distributed in the developing egg chamber and the early embryo, suggesting that it could be involved in both of these processes.
Another well described example of nuclear migration occurs during the differentiation of the individual cell types which make up the ommatidia of the adult eye, although it is not yet known whether this is a microtubule dependent process. The adult compound eye develops from the eye imaginal disc which initially consists of a monolayer epithelium of undifferentiated cells. During the third larval instar, a constriction or wave known as the morphogenetic furrow moves from the posterior to the anterior of the eye disc. Nuclei migrate basally in cells at the leading edge of the furrow, and then migrate apically in a stereotyped pattern as the furrow passes through (Tomlinson, 1985 (Tomlinson, , 1988 .
Loss of DnudC activity may, affect some or all of these nuclear migration events. The isolation of mutations in DnudC and characterization of the mutant phenotype will allow the analysis of its role in development.
4. Experimental procedures 4.1. Isolation and characterization of cDNA and genomic clones Drosophila embryos were screened with a battery of more than 800 lupus antisera from the collection of Drs. John Hardin and Joe Craft at Yale Medical School. About 10% of the sera showed a variety of specific staining patterns (e.g., sperm tail, tracheal system, generalized nuclear stain, chromosomal staining, etc.). Two serum samples from one patient specifically recognized an antigen present in the polar plasm of early Drosophila embryos. This antigen is taken up by the pole cells when they cellularize and can be detected in these cells throughout embryogenesis.
The antisera were used to screen a lambda gtl 1 expression library made with Drosophila ovary RNA (provided by Dr. Laura Kalfayan). More than 1 million phage plaques were screened and 25 positive clones were obtained. Based on cross hybridization of the inserts and partial sequence data the clones were subdivided into ten groups. One clone (#19) contained an almost complete DnudC cDNA and was chosen for further analysis. Additional DnudC cDNA clones were isolated from a lambda gtl 1 cDNA library made from stage 10 egg chambers from the Oregon-R wild type strain (Stratagene). Genomic clones were isolated from a Canton-S lambda FIX II library (Stratagene). Screening of libraries, radioactive labeling of random primed DNA probes, Southern blot analysis, and phage purification were performed using standard protocols (Sambrook et al., 1989) .
cDNAs and genomic fragments were subcloned into the Bluescript KS+ vector (Stratagene). The DnudC cDNA was sequenced on both strands using synthetic oligonucleotide primers. Genomic sequence and intron exon boundaries were deduced by sequencing the two EcoRI clones that contain the first three and the last two exons depicted in Fig. 3 . Genomic DNA spanning the large third intron was not sequenced, so the possibility of alternatively spliced forms of the transcript cannot be ruled out. However, if they exist, they are likely to be of low abundance since Northern blot analysis and restriction mapping of seven additional cDNA clones did not reveal alternate forms of the message. The dideoxy method of sequencing (Sanger et al., 1977) was performed using the Sequenase version 2.0 kit (United States Biochemical). Sequence data were assembled and analyzed using the MacVector software package. Homology searches in the GenBank data base were carried out using the blastp program (Altschul et al., 1990) .
RACE-SLlC
The 5' end of the DnudC message was obtained using the RACE method (rapid amplification of cDNA ends) and the SLIC method (single strand ligation to single-stranded cDNA) using a CLONTECH Laboratories, Inc. kit (Frohman et al., 1988; Edwards et al., 1991) . One microgram of poly A' RNA extracted from 2-5-h old Drosophila embryos (see below) was used for cDNA synthesis. An antisense oligonucleotide primer (SGGGCACGCCAC-CGTGATGCTTCTCG3') corresponding to a region approximately 200 nucleotides downstream to the transcriptional start site was designed to prime DnudC specific cDNA synthesis. An antisense primer nested immediately 5' to the first primer (S'ATGGATCCGGCCAGCAGTAT-GTTGTCAAACTTTCCC3') was used for the PCR amplification. Since the anchor primer contains an EcoRI site, the nested PCR primer was constructed with a BamHI restriction site to allow directed cloning of the PCR product into the EcoRI/BamHI site of PBS KS+.
Northern blot analysis
Total RNA was isolated from staged embryos, larvae and adults by the hot phenol method (Jowett, 1986) . The poly A+ fraction was purified using the Poly A Tract mRNA isolation system (Promega). Approximately 5 pg of RNA was loaded per lane of a formaldehyde-agarose gel. After transfer of the RNA to nitrocellulose, the Northern blot was hybridized with a random primed probe generated from the DnudC coding region (Sambrook et al., 1989) . After exposure the Northern blot was rehybridized with a probe derived from the RP49 ribosomal protein gene to assess the amounts of RNA loaded in each lane.
In situ hybridization to chromosomes
Polytene chromosome squashes were prepared, and in situ hybridizations were carried out using digoxigenin labeled probes, to determine the chromosomal localization of DnudC (Chen et al., 1992) .
Production of polyclonal antibodies
A 620-bp fragment of the DnudC cDNA corresponding to the carboxy terminus of the protein was subcloned into the pRSET expression vector (Invitrogen). The DnudC cDNA was digested with BsmI and treated with T4 DNA polymerase to produce a blunt-ended fragment. The 3' end of the cDNA was liberated by digestion with EcoRI and the resulting BsmI-EcoRI fragment was subcloned into the PvuII and EcoRI sites of the pRSETC expression vector. The resulting construct encodes a fusion protein consisting of 41 amino acids from the pRSETC multiple cloning site including a metal binding domain of six histidines followed by the amino acids 164 to 332 of the DnudC protein.
The expression plasmid was transformed into the BL21(DE3)pLysS E. coli strain and after induction with 1 mM IPTG the expressed protein was purified by immobilized metal affinity chromatography (Novagen). Three rats were immunized by intraperitoneal injection of 250 yg of protein in Freund's adjuvant followed by three boosts with a similar amount of protein in Freund's incomplete adjuvant (Pocono Rabbit Farms, Canadensis, PA). Antisera were affinity purified using fusion protein coupled to cyanogen bromide activated sepharose beads (Harlow and Lane, 1988) . All three antisera identified a single band on Western blots of Drosophila extracts and showed a similar staining pattern on embryos and ovaries. Pre-immune sera did not show any cross reactivity with Drosophila proteins either on Western blots or in embryo and ovary wholemounts.
Western blotting
First, O-2-h Drosophila embryos were collected on apple juice plates at 25°C dechorionated in bleach and stored at -70°C. The A. niduZans protein was obtained from a nudC overexpression strain. An equal volume of Laemmli's loading buffer was added to each sample before homogenization. Approximately 50 pg of homogenized extract was electrophoresed on a 12% SDS polyacrylamide gel and electroblotted to a nitrocellulose filter. The filter was blocked in 10% non-fat milk for 30 min at room temperature and then incubated overnight at 4°C with a 1: 1000 dilution of affinity purified rat anti-DnudC antibody. Alkaline phosphatase labeled anti-rat secondary antibody was used at a I:2000 dilution to detect the signal.
Immunohistochemistry and electron microscopy
Embryos were dechorionated, fixed and stained as described by Frasch et al. (1987) with the exception that the embryos were fixed in equal volumes of 37% formaldehyde and heptane (Theurkauf, 1992) . Embryos were incubated in a 1: 1000 dilution of affinity purified rat anti-DnudC antibody.
Indirect immunofluorescence was performed using FITC-conjugated anti-rat secondary antibody at a 1:250 dilution (Jackson Immuno Research). The embryos were mounted and analyzed with a Biorad 600 confocal microscope. Scanning electron microscopy on adult Drosophila heads was performed as described by Moses et al. (1989) .
DnudC Aspergillus expression constructs
Two DnudC cDNA fragments were subcloned into the Aspergillus pAL3 inducible expression vector (Waring et al., 1989) . The DnudC rescue construct pAL3 was made by cloning an NheI-EcoRI fragment from the DnudC expression vector used in polyclonal antibody production into the pAL3 vector. The pAL3 expression vector has approximately 400 bp of the alcohol dehydrogenase (alcA) gene promoter region located 5' to the insertion site. The NheI-EcoRI fragment consists of 90 bp from the pRSETC vector and 630 bp from the Drosophila cDNA carboxyl terminus. This encodes a fusion protein with 28 amino acids from the pRSETC multiple cloning site and amino acids 164 to 332 from the DnudC cDNA. The second construct was generated by inserting a 126 1 -bp EcoRI fragment which includes 5' and 3' untranslated sequences into pAL3. This cDNA has a T to C change which creates a TAG termination codon at amino acid 122 in the open reading frame. The pAL3 RI clone therefore only expresses the amino terminal 121 amino acids present in DnudC.
Aspergillus strains and growth
The strains used in this study were A01 (nudC3, nidA2, pabaA1, pyrG89), SJO02 (pyrG89) . The permissive temperature for growth was 32°C and the restrictive temperature was 42°C. For colony growth, Aspergillus strains were grown in appropriately supplemented minimal medium (MM: nitrate salts, trace elements, 2% agar, pH 6.5) containing either 20 g/l glucose or 14 ml/l 95% ethanol. Trace elements, vitamins, and nitrate salts were described in Klfer (1977).
Staining techniques and microscopy for Aspergillus nidulans
For nuclear staining of the germlings, lo6 asexual spores (conidia) were inoculated onto coverslips in a Petri dish containing 2 ml supplemented MM medium without agar. After 8-9 h of incubation at 42°C the cells were fixed in a solution containing 16% glycerol, 4% glutaraldehyde, 0.16% n&on-X 100, 40 mM P04, pH 6.5, and 0.02 pg/ml4'6-diamido-2-phenylindole (DAPI), and were photographed using a Zeiss epifluorescence microscope.
Transformation of Aspergillus nidulans
For the preparation of protoplasts, lo* freshly harvested conidia of the A01 strain were inoculated into 50 ml of YG (0.5% yeast extract, 2% glucose, trace element) containing 0.12% uridine and 0.12% uracil. The culture was incubated at 37°C at 150 r.p.m. until the emergence of germ tubes was just visible. The germinated conidia were harvested by spinning at 2.5 K r.p.m. for 3 min and resuspended in 40 ml of lytic mix containing 0.4 M ammonium sulfate, 50 mM K' citrate, pH 6.0, 0.5% yeast extract, 0.5% sucrose, 10 mM MgS04, and 1 mg/ml Novozyme 234 (Lot 93H0957, L-2265, Sigma). The cell wall was digested in this lytic mix for 3 h at 37°C at 150 r.p.m. The lytic mix was removed by two washes in 50 mM KC citrate, pH 6.0, at 4°C. The protoplasts were resuspended in 1 ml of 0.6 M KCl, 50 mM CaC12, 10 mM Kf 2-(N-morpholino) ethanesulfonic acid, pH 6.0, and were stored at 4°C.
DNA for the DnudC rescue constructs was prepared by CsCl gradient centrifugation. For transformation of A. nidulans, 100 ~1 of the protoplasts were mixed with 6-10 pg DNA, followed by 50 ~1 of 25% polyethylene glycol (PEG) 8000 containing 50 mM CaC12, 0.6 M KCL and 10 mM Tris-Cl, pH 7.5, and incubated on ice for 20 min. One milliliter of the same PEG solution was added and the cells were incubated at room temperature for 20 min. The cells were mixed with 8 ml warm YAG and plated onto solidified YAG plate. The plate was incubated at 32°C for 3 days. Transformants were streaked to single colony and gridded onto either glucose or ethanol plates at 32°C and 42°C.
Drosophila stocks
All fly stocks were maintained under standard conditions. Drosophila deficiency strains used are described in Belote et al. (1990) . Deficiency Df(3L)st dll was obtained from J. Belote, deficiencies Df(3L)st 4, Df3L)st 100.62, Df(3L)st j7 and Dfl3Ljst E34 were provided by F.M. Hoffman. All other stocks were obtained from the Bloomington Stock Center, Indiana.
